Z. Zinc deficiency mediates alcohol-induced apoptotic cell death in the liver of rats through activating ER and mitochondrial cell death pathways.
Chronic alcohol intake induces CYP2E1 rather than ADH (3) . Acetaldehyde is converted to acetate by aldehyde dehydrogenase (ALDH) in mitochondria. In addition to the direct product of toxic acetaldehyde, ethanol metabolism also generates reactive oxygen species (ROS) (28) . Thus endoplasmic reticulum (ER) and mitochondria as the major places for ethanol detoxification are the frontier organelles most easily being affected by chronic alcohol intake.
Zinc deficiency is a phenomenon consistently observed in patients with ALD, especially patients with alcoholic cirrhosis. Zinc supplementation to patients with ALD reversed impaired night vision, skin lesions, and immune dysfunction (25) . Both animal and cell culture studies showed that zinc deprivation increased fat accumulation, inflammatory cell infiltration, and apoptotic hepatocytes (15, 38, 39) . Accompanying these abnormalities are increased ROS and decreased antioxidant components such as glutathione. Zinc supplementation to animals chronically fed alcohol increased ADH activity, suppressed CYP2E1 activity, and prevented a decrease in glutathione (40) . Because zinc plays an important role in maintenance of normal structure and functions of a large number of metalloenzymes and zinc proteins, zinc levels are tightly regulated by channels, zinc-sensing molecules, such as metallothionein, metal-responsive-element-binding transcription factor-1, and zinc transporters (5) . Two families of zinc transporters are Zn transporter Zrt/Irt-like protein (ZIP) and zinc transporter (ZnT) (17) . There are 14 members in the ZIP family, and they function in transporting zinc into cytosol from the extracellular side or intracellular vesicles (11) . On the contrary, 10 members in the ZnT family export zinc from cytosol to either the outside of the cell or subcellular compartments (10) . Mechanistic studies demonstrated that disrupted zinc transporters are linked with zinc dysregulation-associated pathogenesis (7, 30) .
Alcohol-induced hepatocyte apoptosis has been well documented in patients with ALD and animal models (25) . Mechanistic studies revealed that hepatic apoptosis is triggered by multiple signaling pathways, including ROS generation, cell membrane death receptor cascade, ER stress, and dysfunction of mitochondria (8, 16, 19) . However, the importance of each mechanism may be different at a certain disease stage. Increasing evidence shows that ER stress plays a vital role in ALD (12) . ER stress induces unfolded protein response (UPR) to restore ER homeostasis, but prolonged UPR leads to activation of inflammation, antioxidant defense, and/or insulin action signal pathways and finally apoptosis (13) . The master regulator of ER stress-induced apoptosis is C/EBP homologous protein (Chop), which upregulates proapoptotic protein expression, downregulates prosurvival protein expression, and en-hances oxidative stress (13, 14) . The unbalanced proapoptotic and prosurvival proteins could then affect mitochondrial morphology and function and trigger mitochondrial-mediated intrinsic apoptosis (2) . Therefore, we hypothesized that ethanolinduced hepatic apoptosis is ROS dependent, which is caused by decreased subcellular zinc levels. In the present study, zinc levels in hepatic subcellular compartments and hepatic apoptotic cell death signaling activation were evaluated in ethanol-fed rats. Mechanistic studies were conducted with rat hepatoma cells to establish the link between organelle zinc deficiency and apoptosis.
MATERIALS AND METHODS

Animals and alcohol-feeding experiments.
Male Wistar rats were obtained from Harlan (Indianapolis, IN). The animal protocol was approved by the Institutional Animal Care and Use Committee of the North Carolina Research Campus. Eight-week-old male rats were pair fed a modified Lieber-DeCarli alcohol or isocaloric maltose dextrin control liquid diet for 5 mo (n ϭ 6 for each group) with a stepwise feeding procedure. The ethanol content (%, wt/vol) in the diet was 5.0 (36% of total calories) for the first 3 wk and increased by 0.25% every 2 wk to reach 6.3 (44% of total calories), which was maintained for the last 8 wk. The amount of food given to the pair-fed rats was the same that the alcohol-fed rats consumed in the previous day. At the end of 5 mo of feeding, rats were anesthetized with inhalational isoflurane. The left lobe of the liver was collected for the organelle isolation process, and the rest of the livers were fixed for pathology or stored at Ϫ80°C.
Histopathology analysis of liver. Liver tissues were fixed in 10% formalin and processed for paraffin embedding. Paraffin sections were cut at 5 m and stained with hematoxylin and eosin to assess the histological features of steatosis and inflammation.
ALT and AST activities. The alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in the serum were measured with an Infinity kit (Thermo Scientific, Waltham, MA).
Subcellular compartments isolation. Liver was perfused with buffer A (0.25 M sucrose, 10.00 mM Hepe-NaOH, and 0.25 M KCl, pH 7.8), and the left lobe was removed and weighed (around 5 g). After being minced with scissors, the left lobe of the liver was homogenized with 40 ml dounce All-Glass tissue grinder (Kimble Chase, Vineland, NJ) in 20 ml of buffer A. The homogenates were centrifuged at 700 g for 5 min at 4°C with Allegra X-22R centrifuge (Beckman Coulter, Brea, CA). The pellets were crude nuclei, which were purified by the differential centrifugation process. Briefly, 60% Opti-prep (SigmaAldrich, St. Louis, MO) was mixed with crude nuclei samples to reach homogenate in 25% Opti-prep. Thirty percent of Opti-prep and 35% Opti-prep were prepared by mixing with diluent solution (0.25 M sucrose and 60 mM Hepe-NaOH, pH 7.4). The solutions were carefully loaded in centrifuge tubes to three layers and centrifuged at 13,000 g for 1.5 h at 4°C with Sorvall RC6 plus centrifuge (Thermo Scientific). The supernatant from the first centrifugation was then further centrifuged at 10,000 g for 15 min at 4°C with Sorvall RC6 plus. The pellets were crude mitochondria, which was then homogenated and mixed with Opti-prep to reach 36% Opti-prep. Ten percent and 30% Opti-prep were carefully loaded on top of it. The centrifuge process was carried out at 50,000 g for 4 h at 4°C with Sorvall WX ultra series. Meanwhile, supernatants of 10,000 g centrifugation were centrifuged again at 100,000 g for 1 h at 4°C with Sorvall WX ultra series. The supernatant was cytosol, and the pellets were microsome. The microsomes were homogenized and mixed with 60% Opti-prep to prepare a homogenate in 20% Opti-prep. The differential centrifugation process was conducted with the help of 15% and 30% Opti-prep medium and centrifuge (Sorvall, WX ultra series) at 210,000 g for 2 h at 4°C.
Determination of zinc concentrations in the liver, plasma, and subcellular compartments. Zinc concentrations in the liver, plasma, and subcellular compartments, namely ER, mitochondria, cytosol, and nuclei, were determined by inductively coupled plasma mass spectrometry (ICP-MS). Twenty micrograms of liver, 100 l of plasma, purified ER, mitochondria, cytosol, and nuclei were frozen in liquid nitrogen and subsequently lyophilized for 1.5 days. Dried samples were removed from the microcentrifuge tubes and added to microwave digester vessels. The mass of sample added to the digesters was recorded and used to normalize the concentration. The samples in the vessels were then digested with 5 ml of concentrated (69%) nitric acid (HNO 3) and dried under a gentle flow of N2 for 1 day. After being dried, samples were reconstituted in 5 ml of 3% HNO 3 in Nanopure H 2O. An Agilent 7500cx ICP-MS platform was used to develop a standard curve and to subsequently analyze the digested samples. The zinc concentrations in samples were calculated as micrograms per gram of dry weight.
Immunoblot analysis. Liver tissue, ER, or mitochondrial proteins were extracted by tissue protein extraction reagent (Thermo Scientific) containing protease inhibitors (Sigma-Aldrich). Aliquots containing 30 g protein were loaded onto a 10 -15% SDS-PAGE. After electrophoresis, proteins were transferred to a PVDF membrane and probed with polyclonal antibodies against Bax, ZIP7, ZnT5, ZnT6, ZnT10 (Santa Cruz Biotechnologies, Santa Cruz, CA), phosphorylated eukaryotic initiation factor ␣ (p-eIF-␣), eIF-␣, activating transcription factor 4 (ATF-4), Chop, ZIP1, ZIP4, ZIP5, ZIP14, ZnT4 (Novus Biological, Littleton, CO), ZIP8, ZnT7 (Proteintech, Chicago, IL), cytochrome c (Abcam, Cambridge, MA), and ␤-actin (SigmaAldrich), respectively. The membrane was then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, goat antimouse IgG, or rabbit anti-goat IgG antibody. The protein bands were visualized by an enhanced chemiluminescence detection system (GE Healthcare, Piscataway, NJ) and quantified by densitometry analysis.
Detection of hepatic and rat hepatoma cell cleaved caspase-3. Hepatic cleaved caspase-3 levels were detected by immunohistochemical staining. Briefly, liver tissue paraffin sections were incubated with 3% hydrogen peroxide for 10 min to inactivate endogenous peroxidases. Tissue sections were then incubated with a polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signaling Technology, Danvers, MA) at 4°C overnight, followed by incubation with EnVisionϩ-labeled polymer-HRP-conjugated anti-rabbit IgG (DAKO, Carpinteria, CA) at room temperature for 30 min. Diaminobenzidine (DAB) was used as HRP substrate for visualization. The positive staining area was quantified with Image J, and the data were expressed as percentage of positive staining area to the total area.
Rat H4IIEC3 hepatoma cells grown on slide chambers (Lab-Tek, Hatfield, PA) were detected by immunofluorescence staining. Briefly, cells were fixed with ice-cold methanol for 10 min and then incubated with polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signaling Technology) at 4°C overnight, followed by incubation with Alexa Fluor 594-conjugated anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) for 30 min.
TUNEL assay. Apoptotic cell death in the liver and cell culture was assessed by detection of DNA fragmentation using an ApopTag peroxidase in situ apoptosis detection kit (Millipore, Billerica, MA). Briefly, cell slides were fixed with 1% paraformaldehyde for 5 min. Liver tissue slides or cell slides were then pretreated with proteinase K and H2O2 and incubated with the reaction mixture containing terminal deoxynucleotidyl transferase (TdT) and digoxigenin-conjugated dUTP for 1 h at 37°C. The labeled DNA was visualized with either HRP-conjugated anti-digoxigenin antibody with DAB as the chromogen followed by counterstaining with methyl green or Alexa Fluor 594-conjugated IgG anti-digoxigenin antibody (Jackson ImmunoResearch) followed by DAPI counterstaining. The TdT dUTPmediated nick-end labeling (TUNEL)-positive cells were counted under ϫ20 objective, and the data were expressed as the average number of TUNEL-positive cells per view.
Cell culture and treatment. Rat H4IIEC3 hepatoma cells obtained from the American Type Culture Collection (Manassas, VA) were grown in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS and penicillin (100 U/ml) streptomycin sulfate (100 g/ml) (Invitrogen). H4IIEC3 hepatoma cells were seeded at 8 ϫ Fluorometric analysis of ROS. Dihydroethidium (DHE; Life Technologies, Carlsbad, CA) is a superoxide indicator. After being uptaken by cells, DHE was oxidized to ethidium, which then intercalates into DNA and generates a bright red fluorescence. Live cells grown on 12-well plates were incubated with 5 M DHE at 37°C for 30 min in the dark. The cells were trypsinized and washed twice with 1% BSA in PBS. The ROS generation was measured with microplate readers using excitation wavelength of 535 nm and an emission wavelength of 610 nm. The ROS production was expressed as the fluorescence ratio of the treated sample over the control.
Fluorescence microscopy. Mitochondrial membrane potential was assessed in live cells by tetramethylrhodamine, ethyl ester (TMRE) mitochondrial kit (Abcam). TMRE is positively charged red-orange dye, which easily accumulates in active mitochondria. Depolarized or inactive mitochondria fail to sequester TMRE because of decreased membrane potential. Rat H4IIEC3 hepatoma cells were stained with 200 nM TMRE in culture medium at 37°C for 20 min. The strength and the distribution pattern of red fluorescence reflect the alteration of mitochondrial membrane potential among different treatments.
Cellular ROS was detected by CellROX Deep Red oxidative stress reagent (Life Technologies) in live cells. The reagent is nonfluorescent while in a reduced state and upon oxidation showed strong fluorogenic signals in cytoplasm. ER was detected by ER-Tracker green dye (Life Technologies), which is the drug that conjugates glibenclamide BODIPY FL. Glibenclamide binds to the sulphonylurea receptor of ATP-sensitive K ϩ channels, which are mainly on ER. Live cells were stained with 5 M CellROX Deep Red at 37°C for 30 min, and then cells were either counterstained with 1 M ER-tracker at 37°C for 20 min, or fixed with 3.7% formaldehyde for 15 min and counterstained with DAPI (Life Technologies).
Statistical analysis. Results are expressed as means Ϯ SD. Differences among multiple groups were analyzed by ANOVA followed by Tukey's test. Differences between two groups were analyzed by two-tailed Student's t-test. The significance between groups was defined as P Ͻ 0.05.
RESULTS
Body weight change and liver injury. The average body weight of rats increased from 303.36 Ϯ 8.21 g to 571.17 Ϯ 15.38 g in control groups and 303.42 Ϯ 8.52 g to 520.15 Ϯ 23.12 g in ethanol group, respectively, after 5 mo of feeding (Fig. 1A) . The body weight did not show significant difference between control and ethanol groups at 1 and 2 mo, whereas significant difference was found at and after 3 mo. Alcohol feeding also significantly increased the serum ALT activity (control 27.4 Ϯ 6.3 U/l vs. ethanol 106.9 Ϯ 80.6 U/l, P Ͻ 0.05) and AST activity (control 38.9 Ϯ 6.4 U/l vs. ethanol 123.5 Ϯ 85.3 U/l, P Ͻ 0.05) (Fig. 1B) . Light microscopy revealed that alcohol feeding caused formation of lipid droplets in hepatocytes and increased the number of neutrophil cells in the rat liver (Fig. 1C) .
Effect of alcohol feeding on subcellular zinc levels and zinc transporters. Chronic alcohol exposure significantly decreased total zinc levels in liver but differentially affected zinc levels in subcellular compartments. As shown in Fig. 2A , the zinc levels in liver decreased from 82.6 Ϯ 11.8 g/g to 55.37 Ϯ 2.08 g/g dry weight after 5 mo of alcohol feeding. Alcohol feeding also Fig. 1 . Body weight change, plasma markers of liver injury, and liver histopathology in rats chronically fed ethanol (EtOH) or control (Ctrl) liquid diet for 5 mo. A: body weight change. B: plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities. Plasma ALT and AST activities were measured using Infinity ALT and AST reagents. C: light microscopy with hematoxylin and eosin staining shows accumulation of lipid droplet (arrows) and neutrophil infiltration (arrow heads) in the liver of ethanol-fed rat. CV: central vein. Scale bar ϭ 50 M. Results are means Ϯ SD (n ϭ 6). Significant differences (*P Ͻ 0.05) between control and ethanol-fed rats were determined by Student's t-test.
reduced the zinc level in isolated ER and mitochondria from 2.66 Ϯ 0.3 g/g to 0.9 Ϯ 0.08 g/g and from 12.4 Ϯ 1.4 g/g to 5.3 Ϯ 0.3 g/g dry weights, respectively. However, alcohol feeding did not significantly affect the zinc level in cytosol or nuclei. In addition, plasma zinc level was not affected by alcohol feeding.
To determine which zinc transporters are localized in ER and mitochondria and which ones are responsible for alcohol feeding-induced zinc dyshomeostasis, 12 zinc transporters (ZIP1, 4, 5, 7, 8, 13, and 14 and ZnT1, 4, 6, 7, and 10) were examined by immunoblot. As shown in Fig. 2B , ZIP7, ZIP8, ZIP13, and ZnT7 were detected in ER, and only ZIP13 showed a significant increase after chronic alcohol feeding. Meanwhile, three zinc transporters, ZIP8, ZnT1, and ZnT4, were detected in mitochondria (Fig. 2C ). ZIP8 and ZnT4 were significantly upregulated at protein levels after alcohol exposure.
Alcohol feeding induced ER stress, mitochondria dysfunction, and hepatocyte apoptosis. To determine whether cell death pathways were activated in association with zinc deficiency, ER and mitochondrial cell death pathway markers were examined. As shown in Fig. 3A , alcohol feeding significantly increased p-eIF-2␣-to-eIF-2␣ ratio and protein levels of ATF-4 and Chop. Cytochrome c and Bcl-2-associated X protein (Bax) levels were determined in both mitochondria and cytosol. Figure 3B shows that alcohol feeding remarkably increased mitochondrial Bax insertion and cytosolic cytochrome c release, which indicates activation of intrinsic apoptotic pathway.
Apoptosis was then evaluated by measuring cleaved caspase-3 and DNA fragmentation. Hepatic cleaved caspase-3 was determined by immunohistochemistry. As shown in Fig. 4A , the cleaved caspase-3 staining was faint in the liver of controls, but alcohol feeding enhanced the staining, especially around the vein areas. The image quantification analysis (Fig. 4B) shows that alcohol feeding significantly increased expression of cleaved caspase-3 in the liver compared with controls. The number of hepatic apoptotic cells was evaluated by TUNEL assay. As shown in Fig. 4 , C and D, alcohol exposure remarkably increased the number of TUNEL-positive cells (dark brown color) in the liver. Fig. 2 . Subcellular zinc levels and protein levels of zinc transporters in rats chronically fed ethanol (EtOH) or control (Ctrl) liquid diet for 5 mo. A: zinc levels in the whole liver, plasma, and isolated endoplasmic reticulum (ER), mitochondria (mito), cytosol, and nuclei of hepatocytes were measured by inductively coupled plasma mass spectrometry. Results are expressed as means Ϯ SD (n ϭ 6). B: immunoblot of ER zinc transporter proteins. ZnT, zinc transporter; ZIP, ER Zrt/Irt-like protein. C: immunoblot of mitochondrial zinc transporter proteins. The bands were quantified by densitometry analysis. The ratio to the total ER or mitochondrial proteins was calculated by setting the value of control as 1. Significant differences (*P Ͻ 0.05, **P Ͻ 0.01) between control and ethanol-fed rats were determined by Student's t-test.
Experimental zinc deprivation induced apoptosis, mitochondrial depolarization, and ER stress in rat hepatoma cells.
To determine the link of zinc deprivation and hepatocyte apoptosis, rat H4IIEC3 hepatoma cells were treated with zinc chelator, TPEN, for 6 h. Activation of cleaved caspase-3 and an increased number of TUNEL-positive cells were observed by fluorescence microscopy (Fig. 5A) . Meanwhile, both 10 M and 25 M zinc treatment along with TPEN challenge inactivated cleaved caspase-3 and reduced the number of TUNELpositive cells (Fig. 5A) , indicating a specific chelation of zinc by TPEN.
Mitochondrial membrane potential and ER stress were then evaluated to determine whether zinc deprivation activates ERand mitochondria-mediated intrinsic apoptotic pathway. As shown in Fig. 5B, 6 h of 3 M TPEN treatment reduced mitochondrial membrane potentials as indicated by decreased red fluorescence intensity, which was prevented by zinc supplementation. TPEN treatment significantly increased p-eIF-2␣-to-eIF-2␣ ratio and the protein levels of ATF-4 and Chop, and zinc supplementation reversed the elevation of the ER stress makers (Fig. 5C) .
Zinc deprivation induced ROS accumulation in hepatoma cells. To examine whether zinc deprivation induces oxidative stress, ROS were detected by DHE fluorescence staining. Figure 6A shows that TPEN treatment significantly increased ROS production compared with control, and zinc supplementation at either 10 M or 25 M prevented ROS accumulation. Localization of ROS in ER was determined by double staining Fig. 3 . Protein levels of ER stress and mitochondrial apoptosis markers. Rats were chronically fed ethanol (EtOH) or control (Ctrl) liquid diet for 5 mo. A: immunoblot of ER stress makers. p-eIF-2␣, phosphorylated eukaryotic initiation factor 2␣; ATF-4, activating transcription factor 4; Chop, C/EBP homologous protein. B: immunoblot of mitochondrial and cytosolic cytochrome c and Bcl-2-associated X protein (Bax). The bands were quantified by densitometry analysis. The ratio to ␤-actin (A) or the ratio to mitochondrial proteins to cytosolic proteins (B) was calculated by setting the value of control as 1. Significant differences (*P Ͻ 0.05, **P Ͻ 0.01) between control and ethanol-fed rats were determined by Student's t-test. of ROS and ER marker. Figure 6B shows that TPEN induced oxidative stress in ER, which was inhibited by zinc supplementation.
ROS only partially mediated the proapoptotic effect of zinc deprivation in hepatoma cells. To determine whether ROS mediates zinc deprivation-activated ER and mitochondrial cell death signal pathways, rat hepatoma cells were treated with TPEN with or without antioxidant, NAC, at 0.5, 1.0, and 2.0 mM. ROS were measured by fluorescence spectrometry (Fig. 7A) and microscopy (Fig. 7B ). NAC at 2 mM completely blocked TPEN-induced ROS accumulation.
The ER stress and mitochondrial membrane potential were then assessed. As illustrated in Fig. 7C , among the ER markers tested, NAC at 2 mM only partially inhibited TPEN-increased Chop protein level. NAC treatment also partially reversed TPEN-induced loss of mitochondrial membrane potential (Fig. 7D) .
Lastly, caspase-3 activation and apoptotic cell death were measured to determine whether NAC treatment could inhibit TPEN-induced apoptosis. As shown in Fig. 7E , 2 mM NAC treatment partially decreased TPEN-induced activation of caspase-3 and the number of TUNEL-positive cells. The results indicated that NAC could not completely rescue TPENinduced ER-and mitochondria-mediated apoptosis in H4IIEC3 hepatoma cells.
DISCUSSION
The present study, not only presented the phenomenon that chronic alcohol exposure decreased hepatic zinc levels, but also showed for the first time that the subcellular, ER and mitochondria, zinc levels were disturbed. The results indicate that, compared with nuclei and cytosol, ER and mitochondria are the two organelles most likely responsible for alcohol consumption-induced hepatic zinc deficiency. It is known that chronic alcohol drinking activates the microsomal ethanol oxidizing system (MEOS) to accelerate ethanol clearance. In addition, mitochondria are the main site for acetaldehyde oxidation. As a result, it is not surprising that ER and mitochondria are the organelles most vulnerable to prolonged alcohol consumption.
Along with activation of MEOS and increased oxidation burden of mitochondria is the elevation of ROS production. It has been reported that alcohol drinking disturbed hepatic zinc transporters in mice, which might result from increased ROS (30) . Consistent with that observation, we found alteration of zinc transporters in hepatic ER and mitochondrial membranes in rats after alcohol consumption. Four zinc transporters (ZIP7, ZIP8, ZIP13, and ZnT7) were detected in ER membrane, and ZIP13 was significantly increased by alcohol consumption. Three zinc transporters (ZIP8, ZnT1, and ZnT4) were detected in mitochondrial membrane, and ZIP8 and ZnT4 significantly increased with alcohol consumption. The altered expression of ZIP13 and ZIP8 may be caused by increased oxidative stress attributable to alcohol metabolism (30) . However, the upregulation of ZnT4 may be the adaptive response to reverse the reduction of zinc level in mitochondria. However, we did not find upregulation of any ZnT proteins in ER to correct the zinc level. Other mechanisms may also be involved in decreasing zinc levels in ER and mitochondria, such as altered activity of zinc transporters and/or decreased zinc absorption from intestine. The alteration of spatial structure could decrease zincbinding activity. It has been shown that alcohol-induced ROS inactivate zinc proteins, such as hepatocyte nuclear factor-4 and peroxisome proliferator-activated receptor-␣ (15). Therefore, further studies are required to confirm whether the spatial structure and activity of zinc transporters are affected by chronic alcohol exposure. Besides, our previous study has shown that chronic alcohol exposure induced intestinal barrier dysfunction and reduced zinc level of the ileum (36) . Thus impaired intestinal zinc absorption may be another cause of hepatic zinc reduction and subsequent hepatic subcellular zinc dyshomeostasis. Although hepatic zinc deficiency has been well documented in patients with ALD (1, 6), mechanisms of how alcohol interferes with hepatic zinc homeostasis are poorly understood. The present study, not only revealed a differential effect of alcohol on the zinc level in subcellular compartments, but also demonstrated dysregulation of subcellular zinc transporters after chronic alcohol exposure. To the best of our knowledge, this is the first report on subcellular distribution of zinc transporters in the liver regardless of alcohol exposure. Although ZIP4 has been detected in human liver at the tissue level (31, 32) , information on subcellular distribution of zinc transporters in human liver is not available. Therefore, one limitation of the study is that the data of hepatic zinc transporters lack support by human data. Our research group is very interested in obtaining the human data on subcellular distribution of zinc transporters and subcellular zinc concentrations at normal and ALD conditions in a future study.
Increased apoptosis is one of the major mechanisms involved in the progression of ALD. The present study showed that alcohol exposure increased the number of apoptotic cells in rat liver, and the in vitro study demonstrated that zinc deprivation activates apoptotic cell death signaling. It is known that extrinsic and intrinsic signals can both initiate apoptotic mechanisms. Extrinsic apoptotic pathway is activated by external death signals, namely through TNF-R1/TNF-␣ and Fas/ FasL system; however, intrinsic apoptotic pathway activation depends on morphology change of mitochondria, such as increased permeability and loss of membrane potential (2, 22) . Moreover, studies showed that ER stress-induced upregulation of Chop is one way to initiate mitochondria-mediated apoptotic pathway (14) . Therefore, ER could be the site in triggering intrinsic apoptosis. It has been reported that chronic alcohol drinking activated the extrinsic apoptotic pathway (37, 39) . However, whether zinc deprivation plays a role in activating ER-and mitochondria-mediated intrinsic apoptotic pathway is still unclear. In the present study, ER stress and mitochondrial cytochrome c release were evaluated. The results indicated that the protein expression of Chop was increased and mitochondrial cytochrome c was released into cytosol; meanwhile the caspase-3 was activated after 5 mo of alcohol feeding. The in vitro zinc deprivation study showed Chop upregulation, loss of mitochondrial membrane potential, and increased cleaved caspase-3. Although, in the present study, zinc supplementation was not given to rats to evaluate the protective effect of zinc on the expression of ER stress markers and mitochondrial dysfunction protein, a previous study from our group has shown that zinc supplementation attenuates hepatic apoptosis through inhibition of cell death receptor (TNFR1 and Fas)-mediated apoptotic pathway in mice chronically fed alcohol (39) . In contrast, feeding mice a zinc-deficient diet, in our previous study, exaggerated chronic alcohol exposure-induced liver injury in association with upregulation of hepatic cell death receptors, TNFR1 and CD95 (37) . Another report from our group further showed that zinc supplementation attenuates hepatic oxidative stress, leading to significant improvement of the ultrastructure of ER and mitochondria of hepatocytes in mice chronically fed alcohol (40) . These studies indicate that hepatic zinc homeostasis plays a critical role in the regulation of alcohol-induced pathogenesis of hepatocellular apoptosis. Therefore, it is predictable that protection of the integrity of mitochondrial membrane by zinc supplementation may lead to inhibition of alcohol-induced Bax insertion to mitochondria and suppression of alcohol-induced cytochrome c release from mitochondria. Besides, ROS are important inducers of ER stress (13) , and inhibition of oxidative stress by zinc supplementation would ameliorate alcohol-induced ER stress and consequent cell death signaling. Further investigations are required to confirm the protective effects of zinc supplementation on mitochondria-and ER-mediated cell death pathways. The results suggest that zinc deprivation-induced ER stress could trigger mitochondria-mediated intrinsic apoptotic pathway. However, we do not rule out the possibility that zinc deprivation directly affects mitochondrial function, and the enhanced apoptotic process is the synergistic effect of ER and mitochondrial dysfunction.
Decreased zinc level is associated with increased oxidative stress. The present study demonstrates that zinc deprivation increased the production of ROS; however, antioxidant, NAC, treatment did not completely reverse zinc withdrawal-caused hepatoma cell apoptosis. It has been found that TPEN challenge decreased the glutathione level in rat primary hepatocytes (26) . In addition, Pelicci et al. (24) reported that increased oxidative stress induced apoptosis through p66Shc stress adaptor protein. Therefore, in the present study, we tested whether zinc deprivation-induced ROS is a key mechanism in apoptosis. The results indicate that zinc deprivationinduced apoptosis is partially dependent on oxidative stress. There are two possible explanations for the partial failure of antioxidant treatment in rescuing zinc deficiency-induced hepatic cell apoptosis. First, that zinc deprivation caused activation of caspase-3 is probably the key factor in apoptosis. Kaufmann et al. (23) reported that, in a cell-free system, the presence of cytochrome c and ATP activates caspase-3, -6, and -7, and adding zinc to the system inhibited the activation of the above caspase species (23) . Besides, studies (18, 26, 29) measured cleaved caspase-3 activity after TPEN challenge and NAC treatment, and they found that NAC treatment did not reverse TPEN-induced activation of caspase-3. Second, zinc deprivation-induced ER stress does not completely result from ROS. It is well known that zinc plays a role in maintenance of catalytic and structural activity of proteins, signal transduction, and antioxidant defense (5, 21, 33) . Therefore, it is most likely that zinc deprivation-induced ER stress is caused by a series of events instead of a single factor. It has been reported that zinc deficiency conditions affect the structure of a zinc-requiring enzyme, superoxide dismutase 1, which induces ER stress response (9) . In addition, Younce et al. (35) demonstrated that monocyte chemotactic protein-1 (MCP-1)-induced protein, a zinc finger protein caused ER stress in cardiomyoblasts (35) . Therefore, zinc proteins may be involved in zinc deprivationinduced ER stress and the consequent apoptosis. The results suggest that other mechanisms may be involved in zinc deprivation-induced ER stress and mitochondrial dysfunction besides increased oxidative stress.
In summary, we demonstrated, for the first time, that alcohol-induced hepatic zinc deficiency might be from ER and mitochondrial zinc reduction, and the reduced zinc levels in ER and mitochondria caused organelle dysfunction, including ER stress, loss of mitochondrial membrane potential, and increase of mitochondria permeability. The interruption of normal subcellular compartment function led to activation of caspase-3 and excessive hepatocyte apoptosis. The pathogenic process was partially dependent on ROS.
